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Abstract18

Understanding the complex interactions between aerosol, clouds, and precipitation19

is an important and necessary step towards understanding the climate system and the20

development of accurate global and regional climate models. Documented aerosol ef-21

fects on clouds and precipitation are not homogeneous over the globe. Here, we study22

the relationships between aerosols, cloud and precipitation over both land and ocean for23

the north coastal Australia and Indonesian region (INC) and the south coastal Australia24

and New Zealand region (NZSC). We use data from long-term multi-satellite observa-25

tions including Nimbus 7-TOMS, Earth Probe-TOMS and Aura-OMI Aerosol Index,26

Global Precipitation Climatology Project precipitation, Aqua-MODIS �re counts, ef-27

fective radius of liquid clouds and cloud fraction and mean cloud amount from the28

International Satellite Cloud Climatology Project. The long-term data sets reveal clear29

regional di�erences and distinct inter-decadal and inter-annual variations in aerosol30

loading and precipitation amount. For both the INC and NZSC regions we �nd that31

aerosol shows positive correlations with �re occurance and negative correlations with32

precipitation, cloud fraction and liquid cloud e�ective radius. The strength of the rela-33

tionships are regionally dependent with the INC showing the stronger correlations than34

the NZSC.35
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1 Introduction36

In both theoretical and observational studies, microphysical properties of clouds are found37

to be in�uenced by atmospheric aerosol loading. For example, there is ample evidence of38

the �rst-indirect e�ect (Twomey , 1974) with an increase in cloud number concentration with39

increasing aerosol concentration in both cumuli- and stratiform clouds (Ramanathan et al.,40

2001). As aerosol concentration is varied the width of the drop size distribution also changes,41

with clean clouds having broader size distributions than their polluted counterparts in both42

continental (Martins and Silva Dias , 2009) and maritime conditions (Pawlowska et al., 2006).43

Recent studies �nd a general decrease in e�ective radius with increased aerosol concentrations44

(Wyser , 1998; Lu et al., 2008; Jiang et al., 2010). For a more complete discussion of cloud-45

aerosol interactions see Feingold and Siebert (2009).46

Nearly 50 years ago Gunn and Phillips (1957), through simple laboratory experiments,47

found that aerosols have important microphysical e�ects and that air pollution could cause48

a reduction in precipitation by slowing the conversion of cloud drops into raindrops. The49

natural system, however, has proved to be more complex and there has been much recent50

debate regarding the e�ect of aerosol on precipitation (e.g. Rosenfeld et al. 2008). According51

to the IPCC 4th assessment report (Denman et al., 2007), the global precipitation change52

attributable to aerosol is unclear. Some studies report suppression of precipitation (Rosen-53

feld , 1999; Andreae et al., 2004; Jiang et al., 2008; Huang et al., 2009b; Graf et al., 2009)54

while others report an enhancement of precipitation (Andreae et al., 2004; Lin et al., 2006;55

Bell et al., 2008; Zhang et al., 2007) with increasing aerosol concentrations. These con�icting56

results are due, in part, to the regional nature of aerosols, di�erences in cloud types (e.g.57

warm vs. cold clouds) and variations due to meteorology and dynamics.58

Due to the regional nature of aerosols, precipitation and �re occurrence it is necessary59

to focus on locations within speci�c dynamic and meteorological regimes. Thus, this work60

provides an analysis of two dynamically di�erent study regions in Australia, a tropical con-61

vective region (INC) strongly in�uenced by monsoons and a subtropical region (NZSC) with62
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weak seasonality. Biomass burning, in the form of bush�res and wild�res, are a common63

occurrence in Australian ecosystems and landscapes. In northern coastal regions bush�res64

are most common over the savannas where some parts of the land burn annually. The south-65

ern coastal regions, including the southeast where the majority of Australia's population66

resides, are susceptible to large wild�res (Hennessy et al., 2005). These �res are the result67

of both natural causes such as lightning during the transition from dry to wet seasons and68

anthropogenic events, accidental and deliberate, throughout the dry season (Bowman and69

Wilson, 1988). Recent studies suggest an increasing trend in �re season length, especially70

for southeast Australia for the last decade (Lucas et al., 2007). Increased �re season length71

may lead to more intense �res, increased number of �res or increased aerosol input into the72

atmosphere.73

Spatial (area burned) and temporal (decadal, inter-annual, and annual) variations of74

biomass burning occurrence complicate investigations into aerosol e�ects on clouds and pre-75

cipitation. Mechanisms thought to a�ect the annual and inter-annual variability of �re76

in Australia include El Niño-Southern Oscillation (ENSO) (Nicholls , 1989), Indian Ocean77

Dipole (IOD) (Saji et al., 1999), and Southern Annular Mode (SAM) (Hendon et al., 2007).78

These climate signals drastically a�ect precipitation over Australian continent and must thus79

be taken into consideration when analizing the relatioships among aerosol, precipitation and80

clouds. Additionally, the Australian continent is prone to extensive droughts on the order of81

a decade or more in length (Ummenhofer et al., 2009a; Verdon-Kidd and Kiem, 2009) which82

are related to above-normal �re potential (Murphy and Timbal , 2008).83

This analysis combines observations of aerosol, clouds and precipitation from both his-84

torical and recent satellite sensors, described in detail in Section 3. Using both historical and85

recent data records we can address many unanswered questions related to aerosol, clouds86

and precipitation. How does atmospheric aerosol loading change on annual, inter-annual and87

decadal timescales in the Australian region and how does it relate to the history of �re oc-88

curance. How do cloud properties, including e�ective radius, cloud fraction and mean cloud89
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amount, relate to aerosol loading in the two study regions? How has Australian precipitation90

varied for the same timescales and in relation to changes in cloud properties?91

In this work we introduce the study regions in Section 2, describe the data Section 3,92

present our results in Section 4, and provide a summary and discussion of the work in Section93

5.94

2 Study Regions95

The two main study regions are outlined by black boxes in Figure 1. The Indonesia and96

northern coast region (INC), is dominated by woodland and open forests, while the New97

Zealand and southern coast (NZSC) region is dominated by woodland, scrub land and heath98

(Specht , 1970). In general, main Australian aerosol contributions include biomass burning,99

primarily in coastal regions, and dust in the center of the continent. To avoid the majority100

of the desert dust aerosol the two study regions exclude central Australia. Note that there is101

still dust present in the aerosol observations for the NZSC due to its proximity to the centeral102

desert region and the general circulation pattern over the continent. There is limited input103

from anthropogenic sources in the INC region and the center of the continent due to the104

dearth of large cities and a low mean population density. The main population centers105

(e.g. Sydney and Melbourne) are located in the eastern portion of the NZSC region adding106

additional anthropogenically generated aerosol.107

3 Data108

This study utilizes nearly 30 years of monthly averaged data collected with various satellite109

born instrumentation observing aerosols, clouds and precipitation over both land and ocean.110

This allows for the analysis of their relationships on decadal, inter-annual and annual time111

scales.112

To obtain a historical perspective of aerosol index we use the Nimbus-7 Total Ozone113
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Mapping Spectrometer (TOMS) data from November 1978 to April 1993 and the Earth Probe114

TOMS for the period July 1996 through November 2001 (Torres et al., 1998, 2002). Data115

after 2001 for the EP TOMS are excluded due to instrumental issues (O. Torres, personal116

communication). It is the �rst instrument to allow observation of aerosols as the particles117

cross the land/sea boundary (Hsu et al., 1996; Herman et al., 1997). Using these data it118

is possible to observe a wide range of phenomena such as desert dust storms, forest �res119

and biomass burning. The Global Precipitation Climatology Project (GPCP) Version 2.1120

Combined Precipitation Data Set, (Hu�man et al., 2009), with a record spanning January121

1979 to December 2009 and mean cloud amount (MCA) from the International Satellite122

Cloud Climatology Project (ISCCP) from July 1983 to June 2008, (Rossow and Schi�er ,123

1991, 1999), provide long-term historical estimations of precipitation and cloud properties.124

For the GPCP record, monthly means are the product of combined geosynchronous-orbit125

satellite observations and rain-gage data from weather stations. Data was converted from126

2.5°×2.5° global grid to 1°×1.25° grid to match TOMS data. ISCCP data are converted from127

an Equal-Area grid format to 1°×1.25° format for ease of comparison with all other datasets.128

For the contemporary period we use aerosol index data from the Ozone Monitoring Instru-129

ment (OMI), (Levelt et al., 2006), for October 2004 through May 2008, and aerosol optical130

depth (AOD) data from the Moderate Reslution Imaging Spectroradiometer (MODIS) for131

July 2002 to April 2010, (Chu et al., 2002; Remer et al., 2002; Chu et al., 2003; Kaufman132

et al., 1997). Both OMI and MODIS data sets have been re-gridded from a 1°×1° grid to133

1°×1.25° to match the TOMS data. In addition to MODIS AOD, we also include liquid134

cloud e�ective radius (re), cloud fraction (CF), and �re counts from MODIS to expand our135

contemporary analysis. We use MODIS �re count data to identify periods of bush�re activ-136

ity, keeping in mind that these measurements refer to number of �res rather than intensity137

of �res.138

As mentioned in Section 1 ENSO, IOD, and SAM are climate factors known to modulate139

natural variability of aerosol and precipitation. We use the Niño 3.4 index (Reynolds and140
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Smith, 1994), IOD index (Saji et al., 1999), SAM index (Marshall , 2003) for the time period141

of November 1978 through May 2008 in a linear regression analysis to remove their signals142

from the aerosol, cloud and precipitation data sets. This method is described in detail in143

Section 4.3.144

4 Results145

4.1 Decadal variations146

Figure 2 shows the mean timeseries of TOMS/OMI AI, GPCP precipitation, and the three147

climate indicies. In Figure 2a we see a general increase in aerosol loading over the entire148

record (Table 2), with the greatest increase seen from November 1978 to the end of the N7149

record in 1993 and additional increases during the EP TOMS and OMI records. For the INC150

region AI values have increased by 0.05 over the whole record while AI values in the NZSC151

have increased by 0.11 during the study time period (Table 2). The N7 and EP TOMS152

records show that the INC region has higher aerosol loading than the NZSC region. In the153

OMI record we see that the mean aerosol loading in the NZSC region exceeds that of the154

INC. This indicates that aerosol production in the NZSC has been increasing more than in155

the INC region over the last decade. This is not unexpected due to the prolonged drought156

a�ecting southeast Australia since the mid-1900s (Verdon-Kidd and Kiem, 2009; Murphy157

and Timbal , 2008) and an observed increase in aerosol loading over the Australian arid zone158

(Mitchell et al., 2010). We also see a clear seasonal cycle of precipitation, for both the INC159

and NZSC regions (Figure 2b). The INC shows more inter-annual variability than the NZSC,160

annual means and standard deviations are higher (14.1 ± 10.6 cm/month) than those for161

the NZSC (7.1 ± 3.6 cm/month). As expected, for both regions peaks in Nino3.4, IOD and162

SAM, Figure 2c, d and e respectively, correspond to periods of decreased precipitation and163

increased aerosol (Taschetto and England , 2009; Ummenhofer et al., 2009b; Hendon et al.,164

2007).165
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4.2 Annual variations166

Spatial climatologies and annual cycles of �re count, aerosol, cloud fraction and precipitation167

are documented in Figure 3. Figure 3a shows average �re counts for the ∼8 year MODIS168

record with maximum average �re counts occurring along the nothern coast in the INC169

region. We also see a concentration of �res in the eastern region of the NZSC, though170

smaller in number than in the north. Note that MODIS �re count only measures number171

and not intensity. The annual cycles in Figure 3b reveal that the main bush�re season for172

the INC is September-November and November-February for the NZSC. This is a result of173

the gradual traverse of the sun from tropical to sub-tropical latitudes as the seasons progress.174

The climatological aerosol maximum is located in the center of the Australian continent,175

mainly in the proximity of the Simpson Desert, while the aerosol minimum is located near the176

west coast of Australia. The main aerosol season for the INC region is September-November,177

associated with biomass burning from bush�res (see maximum �re count in Figure 3b), and178

is clearly identi�ed in Figure 3c as well as the AI minimum in May-August. For the NZSC179

region the peak aerosol occurs in May-August, associated primarily with dust transport from180

the central desert (Marx et al., 2005). The 30 year averaging conceals a separate aerosol181

peak which occurs during the NZSC region �re season in November-February (to be discussed182

later).183

Maximums in CF are located primarily over the ocean outside of the main region of184

subsidence around 30ºS. Peak CF occurs in the tropics as a result of the inter-tropical185

convergence zone while peak CF in the NZSC is a result of southern ocean storm fronts and186

clouds formed due to large scale subsidence (i.e. ocean stratocumulus). We see a minimum187

of CF over the continent with an interesting minimum o� the western coast, located close to188

the main �re region of the INC in an area of aerosol out�ow, clearly seen in Figure 3a and189

c. The annual cycle of CF shows a general anti-correlation with �re count, primarily for the190

INC, when �re counts are high and cloud fractions are low.191

The precipitation maximum, associated with the inter-tropical convergence zone and192
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monsoonal �ow (Gentilli , 1971), is located in the INC region in the Indonesian Through-193

�ow and the precipitation minimum is found over the central deserts in Australia and along194

30ºS over the Indian Ocean. The eastern coast experiences more rainfall than its western195

counterpart, partially due to the west coasts cold-upwelling currents and low evaporation196

rates. The annual cycle of precipitation shows a minimum in July-September for the INC197

region and in November-February for the NZSC region; maximum precipitation occurs from198

December-March in the INC region and in May-July in the NZSC region.199

In Figure 3a, c, e and g we see that maximum AI values, minimum �re counts and200

minimum precipitation values are primarily associated with the Simpson desert in central201

Australia. Similarly, maximum �re counts correspond to local highs in AI and mininmums202

in CF and precipitation. Interestingly, in the case of the western portion of the INC region,203

considerable land-to-ocean transport of aerosol is evident. The annual timing of �re, aerosol204

and cloud properties and how they are related will be addressed in the Section 4.4.205

4.3 Inter-annual variations206

In order to reduce the expected meteorological e�ects on clouds and precipitation within each207

dynamic regime, we average over a large number of samples such that both the INC and208

NZSC regions are characterized by adequate precipitation amounts, aerosol loading, and �re209

counts. We follow the data processing methods presented by Huang et al. (2009a) to remove210

seasonal cycles and climate factors. After identifying the INC and NZSC regions mean211

monthly and yearly timeseries of all the data sets described in Section 3 are computed for each212

region. Climatological seasonal cycles are then removed to obtain a time series of normalized213

anomalies for each satellite. For example, only Nimbus-7 TOMS is used in computing the214

Nimbus-7 TOMS normalized anomalies. To calculate the normalized anomalies a record215

mean and standard deviation for each satellite is determined. The monthly means are then216

subtracted from each calendar month and the resulting anomaly is then divided by the217

appropriate monthly standard deviation. We use multiple-linear regression to remove the218
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variability of �re counts, aerosol (TOM,OMI AI and MODIS AOD), precipitation (GPCP),219

and cloud properties (re, CF and MCA) coherent with ENSO, IOD and SAM. In Table 1 we220

see that the climate indicies explain a greater portion of the variability in the �re, aerosol,221

cloud and precipitation records for the INC region than for the NZSC region. This is likely222

due to the strong seasonal and monsoonal cycles in the INC. Since the NZSC is a subtropical223

region �uctuations in sea surface temperatures are not as drastic as in the tropics. In order to224

justify the removal of the climate signals the yearly AI and precipitation data are analyzed.225

In Figure 4 we see that when mean annual AI is plotted as a function of the normalized226

anomaly of precipitation El Niño or La Niña years are distinct in the INC from those that227

are not. As mentioned above, the in�uence of the climate signals in the NZSC is much228

weaker resutling in the less clear demarcation between years a�ected or not a�ected by an229

El Niño or La Niña. We also see the clear decrease in precipitaiton with increasing aerosol230

in the INC (R = -0.67) and a less strong relationship in the NZSC (R = -0.27), once the231

El Niño and La Niño years are removed from the linear �t calculation. Thus, all data is232

processed such that the climate signals are removed, as described above.233

We choose not to de-trend the data since we are considering long-term changes in aerosol234

and precipitation and Huang et al. (2009b) found similar results with data that was not235

detrended. The �nal timeseries represents the residual aerosol and precipitation anomalies236

not explained by the climate factors. The AI and GPCP normalized anomalies are shown237

in Figure 5. Once climate signals are removed from both records we see that there is still238

a noticeable increase in AI for the later half of the N7 TOMS record in both the INC and239

NZSC regions. There is no obvious trend in the precipitation record for either INC or NZSC240

regions once the climate signals are removed.241

4.4 Relationships242

This section focuses on the speci�c relationships between AI and the various parameters243

available during the most recent time period focusing on AI from the OMI record (October244
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2004 to May 2008). It is broken down into three parts in order to understand the relationship245

between aerosol and �re, aerosol and cloud properites and �nally aerosol and precipitation.246

Each section discusses the temporal relationships as well as the correlations of the means247

and normalized anomalies.248

4.4.1 Aerosol - Fire Count249

The e�ect of aerosol on clouds and precipitation is intimately linked to the relationship250

between �re occurance and atmospheric aerosol loading. First, it is necessary to identify the251

timing of peak (minimum) �re occurance and peak (minimum) aerosol. This type of analysis252

also helps in identifying aerosls events that are the result of dust or anthropogenic events.253

Figure 6 shows the mean and normalized anomaly timeseries for AI and MODIS �re counts254

for the INC and NZSC regions. The inter-annual variability of both AI and �re counts is255

clear for both the INC and NZSC regions. Figure 6a shows the temporal evolution of the256

mean MODIS �re count and OMI AI. We see that both OMI AI and MODIS �re counts257

show a seasonal pattern with strong inter-annual variability. We also note that the peak258

�re counts occur in September or October while the AI peak lags by one month occurring259

in October or November. This lag may be due in part to the tropospheric response time260

to aerosols, which is on the order of 1-2 months as well as the time required for aerosol261

to loft to heights observable by the OMI instrument (Torres et al., 1998; de Graaf et al.,262

2005). In the INC region July-December of 2006 and 2007 are similar with maximum mean263

�re counts of ∼30 in September, while 2005 shows a di�erent pattern with no main peak in264

�re activity. When considering the normalized anomalies of AI and �re count, Figure 6b,265

we see that the time series show good agreement, with a slight di�erence during 2006. In266

2006, which is characterized by low AI and high �re counts, may have resulted from high267

indivudal �re counts combined with limited or decreased availablity of fuel after the intense268

2004-2005 �re season. In Figure 6c we see the clear seasonality of AI from both dust and269

�re in the NZSC region with the dust peak occurring primarily in July while the �re peak270
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varies, though occurs during austral summer (December-March). The NZSC has a fairly271

steady �re count cycle with annual mean maximums of ∼10 (lower inter-annual variability272

than for the INC), except for 2007 in which the maximum mean �re counts double to ∼20.273

The normalized anomalies for the NZSC region, Figure 6d, show good agreement for the274

same time periods as in the INC. The timeseries suggest a positive relationship between275

�re occurrence and aerosol amount. If we consider the INC region for October 2004 through276

May 2008 the correlations, not shown, between the normalized anomalies of AI and �re count277

reveal a stronger correlation when considering �re seasons only (R = 0.64) than compared278

to full year (R = 0.31) In the NZSC the correlations remain the same (R = 0.56) for both279

full year and �re season only comparisons. This can be explained by the in�uence of dust280

from the central desert impacting the NZSC year round, dominating the AI signal. Again,281

di�erences between regions can partially be explained by the inclusion of dust in the NZSC282

samples and the observed one month time lag between peak �re counts and peak AI in the283

INC.284

4.4.2 Aerosol - Cloud Relationships285

Here we investigate the relationship and timing of maximum and minimum aerosol and286

�uctations in cloud properties to understand how changes in aerosol may induce changes in287

cloud properties. Figure 7 shows the mean and normalized anomaly timeseries of AI and288

MODIS re for the INC and NZSC regions. The inter-annual variability of both AI and re is289

clear for both the INC and NZSC regions. Figure 7a shows the temporal evolution of the290

mean MODIS re and OMI AI. Both OMI AI and MODIS re show a seasonal pattern with291

strong inter-annual variability. The maximum re occurs in April during the AI minimum.292

The minimum re occurs in September, while the AI peak lags by one month occurring in293

October or November. When considering the normalized anomalies of AI and re, Figure 7b294

shows an anti-correlated relationship, with increases in AI corresponding to decreases in re295

(R = -0.35). In Figure 7c, keeping in mind that the peak dust occurs in July and the �re296
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season December-March, the NZSC is typi�ed by a steady re annual cycle with annual mean297

maximums occurring in July during the peak in dust and minimums occurring during peak298

�re activity. Note that while the mean AI and re related to dust show positive agreement,299

the aerosol peaks due to �re are anti-correlated with re. The normalized anomalies for the300

NZSC region, Figure 7d, show good agreement and are not strongly in�uenced by the biomass301

burning derived aerosol. Overall, these timeseries suggest a negative relationship between re302

and aerosol amount when the aerosol is derived from biomass burning events and a positive303

relationship if the aerosol is derived from dust events. If we consider data only from October304

2004 through May 2008 the correlations, not shown, between the normalized anomalies of AI305

and re reveal a stronger correlation in the INC (R = -0.35) than in the NZSC (R = -0.29).306

As with �re counts, di�erences in correlations can be explained by weaker seasonality and307

the inclusion dust in the NZSC samples as well as the time lag between peak �re counts and308

peak AI in the INC.309

As with re, MODIS CF and ISCCP MCA show distinct seasonality and excellent agree-310

ment (R = 0.97) in the INC (Figure 8a), and weak seasonality and poor agreement (R = 0.30)311

in the NZSC (Figure 8c). For the INC, peak CF and MCA occur 2-4 months (December-312

March) after the peak in aerosol (September-October). Figure 8b and d show the timeseries313

of AI, CF and MCA normalized anomalies for the INC and NZSC. In the INC, normalized314

anomalies of CF and AI appear to be correlated in 2005, and then anti-correlated for 2006-315

2008 resulting in very weak relationship (R = 0.009), MCA and AI are anti-correlated in316

2005 and correlated for 2006-2008, with an overall poor, but slightly negative, correlation317

(R = -0.13) while INC CF and MCA normalized anomalies are poorly correlated with each318

other (R = -0.23). In the NZSC normalized anomalies of MCA, CF and AI show similar319

trends with poor correlations (R = 0.15 for AI and CF, R = -0.17 for AI and MCA), while320

the NZSC CF and MCA normalized anomalies are well correlated with each other (R =321

0.91). Di�erences in the anomalies may partially due to the length of the data records used322

to calculate the anomalies (300 months for ISCCP vs 90 months for MODIS).323
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4.4.3 Aerosol - Cloud - Precipitation Relationships324

Here we present an analysis of the observed relationship between monthly AI and precipita-325

tion. For the INC region the monthly domain-averaged normalized AI and GPCP anomalies326

are negatively correlated (R = -0.16) when considering the entire data record and sorted by327

season (Figure 9a-e). For the INC, the correlations are greatest during austral spring (SON,328

R = -0.16) and fall (MAM, R = -0.16) when there is adequate precipitation and aerosol.329

During the peak northern �re season, SON, we see the least scatter and the lowest variabil-330

ity. The correlations are weaker during austral winter (JJA, R = -0.13), when precipitation331

begins decreasing before the initiation of the main �re season in austral summer (DJF, R332

= -0.14) during the monsoon season when precipitation increases dramatically and aerosol333

production is at a minimum. The combinations of low precipitation with low aerosol (JJA)334

and high precipitation with very low aerosol (DJF) result in weaker relationships between335

AI and GPCP. For the NZSC, there is no clear relationship between AI and GPCP precip-336

itation when looking at the entire record or seasonally (Figure 10a-e). For all months and337

seasons GPCP precipitation over the NZSC region shows more variability than AI. For each,338

inter-annual variability for each month plays a large role in determining the scatter and the339

resulting correlation coe�cient.340

5 Summary and Discussion341

In this study, we have used a combination of satellite datasets for both the present (MODIS)342

and the recent past (TOMS, OMI, GPCP and ISCCP) to look at the relationships between343

aerosols, clouds and precipitation in Australia. We �nd that atmospheric aerosol loading344

changes on annual, inter-annual and decadal timescales in the Australian region. On the345

decadal timescale we see a general increase in AI over the entire region (both the INC and346

NZSC). Inter-annual variations in AI are in�uenced by El Niño, SAM and IOD, though in347

varying amounts depending on the region, and must be removed in order to separate the ef-348
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fects of meteorology and dynamics from the in�uence of aerosols on precipitation and cloud349

properties. Annual variations in AI manifest as changes in the timing of the �re season350

and its length, which has been increasing over the study period. In contrast, we �nd that351

precipitation in the Australian region has remained fairly constant on a decadal time scale352

while, like AI, it varies as a result of El Niño, SAM and IOD on the inter-annual timescale.353

The annual precipitation cycle (timing of maximum and minimum precipitation) is found354

to be relatively stable regardless of the inter-annual in�uences. We �nd that increased �re355

occurrence positively correlates with increased aerosol loading and occurs during annual356

precipitation minimums. Unfortunately, since MODIS measures the number of �res rather357

than the �re intensity correlations appear weaker than expected. We �nd that the maxi-358

mum aerosol loading occurs approximately one month after the peak in �re counts. This is359

likely due to the average residence time of biomass burning aerosol and the time required360

for transport to upper levels of the troposphere. In the most recent time period (2002 to361

the 2008) cloud re and CF, like precipitation, maintain relatively stable annual cycles (es-362

pecially in the INC) with little variation in the timing of maximums and minimums. The363

southern NZSC region shows more annual and inter-annual variability in CF than in the364

north. Counter-intuitively, peak aerosol appears to occur after the minimum in re, as with365

�re counts. Note that changes to clouds would occur in the lower troposphere, soon after the366

aerosols are emitted (i.e. closer to actual �re occurrence). In the case of the aerosol loading367

it takes approximately one month for the peak aerosol to occur after the peak �re counts.368

This accumulation time would o�set the maximum AI from the corresponding, relatively369

immediate, e�ects on cloud properties such as changes in re and CF. Fire count and re are370

anti-correlated, and in general, years with weak �re seasons such as 2006 have larger e�ective371

radii in the following wet season.372

The main results from this study are as follows. The choice of region (dynamic and mete-373

orologic setting) is important in determining the relationships between aerosols, clouds and374

precipitation. We �nd that the strength of the negative correlation between AI and precipi-375
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tation is dependent on the dynamic setting, such that the northern INC region, dominated376

by convective clouds, shows a stronger decrease in precipitation with increasing aerosol. In377

the southern NZSC region, clouds which are predominately the result of subsidence or storm378

tracks show a weaker response to aerosol. Thus, global generalizations of the relationships379

between changes in aerosol loading and the e�ect on precipitation amount cannot be made380

without taking regional di�erences into consideration.381

In summary, the longer time records used in this study show evidence of ongoing inter-382

decadal and inter-annual variations. It is possible that changes in climate, not accounted383

for by the El Niño, SAM and IOD indicies may be playing a role as well. It is likely that384

changes in the length of the �re season over the last decade is contributing to the overall385

increase in aerosol loading. In general, we �nd that the relationships between aerosols,386

precipitation and clouds do not change on the decadal or inter-annual timescales. Of course,387

caution needs to be exercised when interpreting the results due to the uncertainties inherent388

in satellite derived aerosol, cloud and precipitation retrievals. The observed relationships389

and correlations between aerosol, precipitation and cloud properties could also be due to390

correlative biases in the satellite retrieved datasets, though since we use di�erent datasets on391

di�erent platforms over a time period of 30 years, the likelihood of this is reduced. Since we392

did not sort individual grid boxes by dynamical regime the results shown here can be due to393

meteorology driving both aerosols, clouds and precipitation. Future work, sorting these data394

sets by dynamical properties such as vertical velocities and lower tropospheric stability and395

meteorological properties such as cloud liquid water content, is necessary since correlation396

does not imply causality.397
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Figure Captions533

Figure 1: Indonesian and Northern Coast (INC) study region encompasses -0.5 to534

-20.5 (°S) and 90.625 to 178.125 (°W). New Zealand and Southern Coast (NZSC) study535

region encompasses -30.5 to -50.5 (°S) and 90.625 to 178.125 (°W). Both regions include536

data retrieved over land and ocean.537

Figure 2: Monthly mean timeseries of a) TOMS/OMI AI for INC (red) and NZSC538

(blue), b) GPCP precipitation for INC (red) and NZSC (blue), c) Nino3.4 index, d) IOD,539

and e) 3-month smoothed SAM. For climate indicies blue shading indicates periods of poten-540

tially above average precipitation while brown shading indicates periods of potentially below541

average precipitation. The three satellite data records, N7 TOMS, EP TOMS and OMI, are542

denoted by the arrows. Grey shading corresponds to strong El Niño years.543

Figure 3: a) Study regions and climatological mean of MODIS �re counts (number of544

�res, colors), b) annual cycles of �re count with standard deviations for INC and NZSC545

regions, c) aerosol index (AI, unit less, colors) using TOMS and OMI datasets, d) annual546

cycles of AI for Nimbus-7 TOMS, Earth Probe TOMS and OMI and the three satellite mean547

for INC and NZSC regions, e) same as in a) but for MODIS cloud fraction (colors), f) annual548

cycle of cloud fraction with standard deviations for INC and NZSC regions, g) same as in a)549

but for GPCP precipitation (cm/month, colors), h) annual cycle of GPCP precipitation for550

INC and NZSC regions. For all annual cycles red curves are for INC and blue curves are for551

NZSC region.552

Figure 4: Scatterplots of the yearly averaged mean AI and GPCP normalized anomalies553

(climate signals not removed); INC region (RINC= -0.67, n = 18); b) NZSC region (RNZSC=554

-0.27, n = 18). El Niño and La Niña years in gray markers, all other data in black markers.555

Red lines indicate linear regression �ts for data from years that are not classi�ed as El Niño556

or La Niña.557

Figure 5: Timeseries of normalized anomalies of AI and GPCP precipitation for INC558
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region (red) and NZSC region (blue). Thin lines are monthly values while thicker lines are559

three-month smoothed data. Satellite sampling periods are denoted by the arrows.560

Figure 6: Timeseries of a) monthly mean values and b) normalized anomalies of AI561

(red) and MODIS Fire Counts (brown) for the INC Region; c) monthly mean values and d)562

normalized anomalies of AI (blue) and MODIS Fire Counts (brown) for the NZSC Region.563

Figure 7: Timeseries of a) monthly mean values and b) normalized anomalies of AI564

(red) and MODIS re (green) for the INC Region; c) monthly mean values and d) normalized565

anomalies of AI (blue) and MODIS re (green) for the NZSC Region.566

Figure 8: Timeseries of a) monthly mean values and b) normalized anomalies of AI567

(red), MODIS Cloud Fraction (black), and ISCCP Mean Cloud Amount (gray) for the INC568

Region; c) monthly mean values and d) normalized anomalies of AI (blue) and MODIS Cloud569

fraction (black) and ISCCP Mean Cloud Amount (gray) for the NZSC Region. Note that570

ISCCP data are scaled by 0.01 to match MODIS data format.571

Figure 9: Scatterplots of the INC domain averaged AI and GPCP normalized anomalies;572

a) All months (RINC= -0.16, n = 294), b) DJF (R = -0.14, n = 74); c) MAM (R = -0.16, n573

= 74); d) JJA (R = -0.13, n = 72); e) SON (R = -0.16, n = 74). Solid black lines indicate574

linear regression �ts.575

Figure 10: Scatterplots of the INC domain averaged AI and GPCP normalized anoma-576

lies; a) All months (RNZSC= 0.05, n = 293), b) DJF (R = -0.02, n = 74); c) MAM (R =577

-0.03, n = 74); d) JJA (R = 0.10, n = 72); e) SON (R = -0.002, n = 73). Solid black lines578

indicate linear regression �ts. Note, for All Seasons and SON the September outlier was579

removed from the linear regression �t calculations.580
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Tables581

582

583

Region Fire Count N7 EP OM GPCP re CF MCA
INC 24% 12% 24% 10% 10% 19% 24% 12%
NZSC 10% 6% 3% 16% 4% 4% 3% 4%

Table 1: R2 values from linear regression of Nino3.4, IOD and SAM climate indicies.

Dates Region Satellite Mean ±σ (unit less)
11/1978 to 4/1993 INC N7 TOMS 0.71± 0.10

NZSC N7 TOMS 0.68± 0.09
7/1996 to 11/2001 INC EP TOMS 0.75± 0.10

NZSC EP TOMS 0.70± 0.06
10/2004 to 5/2008 INC OMI 0.76± 0.07

NZSC OMI 0.79± 0.10

Table 2: Mean AI values for each satellite
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Figures584

Figure 1: Study Regions. Indonesian and Northern Coast (INC) study region encompasses -
0.5 to -20.5 (°S) and 90.625 to 178.125 (°W). New Zealand and Southern Coast (NZSC) study
region encompasses -30.5 to -50.5 (°S) and 90.625 to 178.125 (°W). Both regions include data
retrieved over land and ocean.
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Figure 2: Monthly mean timeseries of a) TOMS/OMI AI for INC (red) and NZSC (blue),
b) GPCP precipitation for INC (red) and NZSC (blue), c) Nino3.4 index, d) IOD, and e)
3-month smoothed SAM. For climate indicies blue shading indicates periods of potentially
above average precipitation while brown shading indicates periods of potentially below av-
erage precipitation. The three satellite data records, N7 TOMS, EP TOMS and OMI, are
denoted by the arrows. Grey shading corresponds to strong El Niño years.
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Figure 3: Climatologies and annual cycles. a) Study regions and climatological mean of
MODIS �re counts (number of �res, colors), b) annual cycles of �re count with standard
deviations for INC and NZSC regions, c) aerosol index (AI, unit less, colors) using TOMS
and OMI datasets, d) annual cycles of AI for Nimbus-7 TOMS, Earth Probe TOMS and OMI
and the three satellite mean for INC and NZSC regions, e) same as in a) but for MODIS
cloud fraction (colors), f) annual cycle of cloud fraction with standard deviations for INC
and NZSC regions, g) same as in a) but for GPCP precipitation (cm/month, colors), h)
annual cycle of GPCP precipitation for INC and NZSC regions. For all annual cycles red
curves are for INC and blue curves are for NZSC region.29



Figure 4: Mean AI and normalized precipitation anomaly comparisons. Scatterplots of the
yearly averaged mean AI and GPCP normalized anomalies (climate signals not removed);
INC region (RINC= -0.67, n = 18); b) NZSC region (RNZSC= -0.27, n = 18). El Niño and
La Niña years in gray markers, all other data in black markers. Red lines indicate linear
regression �ts for data from years that are not classi�ed as El Niño or La Niña.

Figure 5: Timeseries of normalized anomalies of AI and GPCP precipitation for INC region
(red) and NZSC region (blue). Thin lines are monthly values while thicker lines are three-
month smoothed data. Satellite sampling periods are denoted by the arrows.
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Figure 6: Timeseries comparisons for OMI AI and MODIS �re count. Timeseries of a)
monthly mean values and b) normalized anomalies of AI (red) and MODIS Fire Counts
(brown) for the INC Region; c) monthly mean values and d) normalized anomalies of AI
(blue) and MODIS Fire Counts (brown) for the NZSC Region.
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Figure 7: Timeseries comparison of OMI AI and MODIS re. Timeseries of a) monthly mean
values and b) normalized anomalies of AI (red) and MODIS re (green) for the INC Region;
c) monthly mean values and d) normalized anomalies of AI (blue) and MODIS re (green)
for the NZSC Region.
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Figure 8: Timeseries comparison of OMI AI, MODIS CF and ISCCP MCA. Timeseries of
a) monthly mean values and b) normalized anomalies of AI (red), MODIS Cloud Fraction
(black), and ISCCP Mean Cloud Amount (gray) for the INC Region; c) monthly mean values
and d) normalized anomalies of AI (blue) and MODIS Cloud fraction (black) and ISCCP
Mean Cloud Amount (gray) for the NZSC Region. Note that ISCCP data are scaled by 0.01
to match MODIS data format.

Figure 9: INC seasonal comparisons of AI and GPCP. Scatterplots of the INC domain
averaged AI and GPCP normalized anomalies; a) All months (RINC= -0.16, n = 294), b)
DJF (R = -0.14, n = 74); c) MAM (R = -0.16, n = 74); d) JJA (R = -0.13, n = 72); e)
SON (R = -0.16, n = 74). Solid black lines indicate linear regression �ts.
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Figure 10: NZSC seasonal comparisons of AI and GPCP. Scatterplots of the INC domain
averaged AI and GPCP normalized anomalies; a) All months (RNZSC= 0.05, n = 293), b)
DJF (R = -0.02, n = 74); c) MAM (R = -0.03, n = 74); d) JJA (R = 0.10, n = 72); e) SON
(R = -0.002, n = 73). Solid black lines indicate linear regression �ts. Note, for All Seasons
and SON the September outlier was removed from the linear regression �t calculations.
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